Identification of 18 mycobacterial species was performed by analysis of profiles obtained by using gas-liquid chromatography. Organisms were saponified in methanolic NaOH, and the reaction mixture was treated with BF3 in methanol and extracted with a hexane-chloroform mixture. An identification scheme was developed from 128 stock strains and tested against a collection of 79 clinical isolates. By using gas-liquid chromatographic profiles alone, 58% of specimens were correctly identified to species level, and an additional 41% were correctly identified to a group of two or three organisms. Use in a clinical laboratory over a 2-month period proved chromatography to be as accurate as and more rapid than concurrent biochemical testing. Of 81 isolates tested, 64% were identified to species level by chromatography alone. An additional 35% were differentiated to the same groups of two or three organisms as found in our analysis of stock strains. These groups consisted of: Mycobacterium tuberculosis, M. bovis, and M. xenopi; M. avium complex, M. gastri, and M. scrofulaceum; or M. fortuitum and M. chelonei. Identification to species level from these groups could usually be done by colonial morphology alone and could always be done by the addition of one selected biochemical test. This study demonstrated the practical application of gas-liquid chromatography in the identification of mycobacteria in a clinical laboratory. In particular, all strains of M. gordonae and M. kansasii were identified to species level. M. tuberculosis was definitively identified in 85% of cases. When it could not be definitely identified, the only alternatives were M. bovis and M. xenopi, both of which are rare causes of infection.
When mycobacteria are cultured from human sources, appropriate therapy depends upon the species isolated. Identification of mycobacteria with biochemical testing is protracted by their slow growth rate, however, and thus there is need for more rapid methods to identify clinically important isolates. Chemical differentiation has been an attractive possibility since the demonstration by Anderson of the uniqueness and complexity of tubercle cell wall lipids (1) . As early as 1954, Smith and associates characterized mycobacterial species by using column chromatography and infrared spectroscopy to detect species specific myococerenates of phthioceral (28) (29) (30) . Later, several studies used thin-layer chromatographic analysis of lipids and glycolipids to classify many types of nontuberculous mycobacteria (4, 9, 10, (14) (15) (16) 31) . This technique was developed further by Tsukamura and Mizuno (36) , who differentiated mycobacterial species incubated with [35S] methionine by the patterns of radioactive lipid spots. Pyrolysis gasliquid chromatography of whole cells was successfully employed by Reiner and associates (21) (22) (23) (24) (25) (26) (27) ) to classify and prospectively identify many different strains of mycobacteria. Lucchesi and associates (13) were the first to show that mycobacteria could be differentiated by gas-liquid chromatography of methylated lipid extracts. More detailed work by Thoen et al. demonstrated that M. kansasii and M. marinum could be distinguished from certain other mycobacteria by characteristic branched-chain fatty acids (32) (33) (34) . Larsson and M'ardh were able to show consistent differences of fatty acid methyl esters and trifluoroacetylated methyl glycosides among ten strains of M. avium, M. kansasii and M. tuberculosis by trifluoroacetylation of whole-cell methanolysates (12) . It was the characterization of ten species of mycobacteria by Ohashi et al. (18) , using reaction gas-liquid chromatography, that prompted the present study. Their singlestep analysis of whole-cell hydrolysates with tetramethylammonium hydroxide initially allowed them to differentiate mycobacterial strains and demonstrate a unique peak for M. tuberculosis. With our, and subsequently their, inability to reproduce these results (T. Wade, personal com-munication), a different technique for differentiating mycobacteria was developed and tested in our laboratory.
MATERIALS AND METHODS
Microorganisms. The majority of the 296 strains of mycobacteria used were identified biochemically by the method of Kubica (11) . M. szulgai was identified by methods described by Marks and associates (15 Pa.). Although the column extended to the septum, it was packed only to the distal edge of the injector block. The injector port, and the detector were kept at 275 and 315°C, respectively. The column oven temperature was held at 1700C for 2 min after injection and then raised 6°C/min to a final temperature of 300°C, which was maintained for 15 min. Zero-grade helium (Union Carbide Corp., Linde Division, New York, N.Y.) was used as the carrier gas at a flow rate of approximately 17 ml/min. Detector attenuation was 1 x 10"' A/mV. A dual-channel recorder was set at two sensitivities. At one sensitivity, a 10-mV signal produced a full-scale response which allowed approximately a full-scale response for the peak due to the methyl ester of palmitic acid (C060). The other sensitivity gave approximately a full-scale response for one of the peaks due to either methyl tetracosanoate (C24:0) or methyl hexacosanoate (C26:0). The same recorder settings were used for all organisms. Mass spectra of the chromatographic peaks were measured with a 5805A Hewlett-Packard GC-MS system (Hewlett-Packard Co., Palo Alto, Calif.) under identical chromatographic conditions. Peaks were tentatively identified by mass-spectral patterns and, where possible, on the basis of identical retention time to standard fatty acid methyl esters. Mass-spectral patterns were interpreted by standard methods (5, 6, 38) .
Experimental design. The study was divided into three phases. In phase one, the procedure was developed and stock cultures of mycobacteria were analyzed. A decision tree was made from the chromatographic patterns of these stock organisms for the identification of unknowns. In phase two, 79 unknown strains were identified, using only their chromatograms and the decision tree from phase one. In phase three, the chromatographic method was run in parallel to conventional biochemical methods for a 2-month period in the laboratory.
RESULTS
Chromatographic characteristics. The chromatogram of M. tuberculosis in Fig. 1 demonstrates a typical mycobacterial pattern obtained by our method. The identity of each peak as determined by mass spectroscopy is shown.
Those peaks that were present in all species but were of no aid in identification are marked with an asterisk. Table 2 shows the elution order and identifications for standards and for peaks of taxonomic importance. We stress that the identifications of branched-chain fatty acids are based only on their mass spectra and retention times relative to straight-chain standards. Branching at the 2 position of a methyl ester gives characteristic ions at m/e 88 and 101 (38) .
VOL. 10, 1979 on August 14, 2017 by guest http://jcm.asm.org/ This branching assignment is easily and defini-bacteria, were tested to determine which simitively imade by mas spectroscopy. Our assign-larities and differences were reproducible and monts of branching at other positions depended could be used for identification. Table 3 presents upon the relatively greater abundance of ions the incidence of peaks found in each species, due to fracture of the alkyl chain on either side with the peaks most important for identification of the branch compared with fragmentation at of a given species in parentheses. It includes other locations in the chain. These assignments peak patterns of M. tuberculosis obtained for should be considered tentative, because pure both fresh isolates from phase 2 and stored compounds which could be used for comparison isolates from phase 1. This was done because of were not available. Nevertheless, these assign-differences found during the testing of fresh ments serve a useful function for discussion of clinical isolates. Organisms that could be identhe various peaks. tified as M. tuberculosis by other peaks consistEffects of media. Analysis of cultures grown ently demonstrated a new peak, B, that had not on Lowenstein-Jensen medium gave few chro-been found in the original, stored organisms used VOL. 10, 1979 Figure 2 presents a flow chart for identification based on the data in Table 3 . In the second phase, we analyzed by chromatography 79 organisms collected in our laboratory over a 3-month period. An identification was made based solely on the chromatographic results and without knowledge of the biochemical test results. A total of 44% of all the organisms were identified to species level correctly by using only the chromatographic results generated by stock cultures (Table 4 ). With the knowledge that fresh isolates of M. tuberculosis express a new peak, B, identification to species level was increased to 60%. It should be noted ( Table 3) that one of ten strains of M. bovis demonstrated a peak B. In view of the medical importance of this species and M. tuberculosis, these identifications must be confirmed by biochemical testing. An additional 39% were differentiated to a group of two or three other organisms with similar chromatographic patterns. For example, one unknown of M. tuberculosis could not be differentiated from M. bovis and M. xenopi, and seven M. avium complex could not be differentiated from M. gastri and M. scrofulaceum. The Nocardia isolate was clearly not mycobacteria because it lacked peaks due to methyl tetracosanoate and methyl hexacosanoate. In no case was a pure isolate of a biochemically typical organism misidentified. In phase 3 of developing and testing our identification scheme, the chromatographic method was evaluated concurrently with biochemical methods of identification. Colonies were picked directly off the primary 7H10 isolation media when there was adequate growth. This was always possible before growth was adequate to start biochemical testing. Chromatographic identification was compared with biochemical identification of 81 organisms collected in our laboratory over a 2-month period. The data in Table 5 demonstrate that complete identification to species level was possible for 64% of the isolates by chromatography alone. The groups of two and three organisms were the same as shown in Table 4 and in Fig. 2 chromatography was applied to three strains of each of the species described in this study by the method of Ohashi et al. (18) . Sample preparation was easy, and chromatograms showed some re-M.fortuitum VOL. 10, 1979 f on August 14, 2017 by guest http://jcm.asm.org/ Downloaded from producible differences, but these qualities were outweighed by the excessive number of peaks from pyrolysis products. The method was difficult to standardize and would not lend itself to interlaboratory reproducibility. An alternative method for preparation of methyl esters, using tetramethylammonium hydroxide hydrolysis followed by CH3I methylation (7), did not have the sensitivity of the BF3 method. Chromatograms obtained after derivatization with trifluoroacetylated methyl glycosides to detect hydroxy acids did not exhibit any new peaks useful for identification. Stationary-phase polarity is known to affect some separations, in particular the separation of fatty acids with different degrees of unsaturation. We therefore evaluated various stationary phases with a range in polarity (8, 14 Unusual strains. Each of the species M. marinum, M. scrofulaceum, and M. gastri from phase 1 ( Table 3) had one very unusual strain. This strain was included in its species statistics, although further investigation revealed that it was also atypical biochemically and had been identified on a best-fit basis. The atypical M. marinum was nonchromogenic and had an identical biochemical and chromatographic profile to the atypical M. gastri. The species designations of these two strains were based on the culture sites from which each was obtained. In no case would the chromatographic profiles of these atypical strains have been mistaken for another species. With these exceptions, the pattern for each species was very consistent.
Of the 79 unknown specimens in phase 2, only one was identified incorrectly. This was a M. gastri misidentified as a M. fortuitum. The organism was biochemically atypical, however, with a negative urease test, and had been speciated on a best fit basis.
The misidentified M. marinum in phase 3 was a survey specimen picked at a young age, and the error was recognized as soon as photochromogenicity was demonstrated. Its lack of production of 2,4-dimethylmyristic acid (2,4-dimethyl C14:0) and 2,4-dimethylpentadecanoic acid (2,4-dimethyl C15:0) may have been due to the fact that, as with M. tuberculosis, storage had altered its lipid pattern. The M. szulgai was identified chromatographically 9 days before growth was adequate for biochemical testing. With this presumptive identification to species level, the initially negative nitrate test (11) was prolonged an additional 4 hours to prove its positivity. This prolongation of the nitrate test would not be done normally and vindicates the advice of Marks and associates (15) that identification of this organism should be confirmed by lipid analysis.
Chromatography was a more rapid method of identification because it required less growth and gave a result 1.5 The possibility that M. tuberculosis could be chemically differentiated from the atypical mycobacteria has existed since the early 1950s, when it was first demonstrated that saprophytic strains synthesized tetracosanoic acid (C24:0) as the longest carbon chain of their fatty acid series, whereas M. tuberculosis and M. bovis synthesized hexacosanoic acid (C26:0) (3). The presumed reason for this lies in the method of mycolic acid synthesis (20) . The 88 carbon atoms of the mycolic acids in M. tuberculosis and M. bovis may be produced by the condensation of two molecules of stearic acid and two molecules of hexacosanoic acid (C26:0), whereas the mycolic acids of most saprophytic strains, having 84 carbons, involve condensation of two molecules of stearic acid with two molecules of tetracosanoic acid (C24:0).
With few exceptions, the chromatographic lipid patterns we found for various mycobacterial species concur with the findings of other workers using different techniques. Neither Reiner et al. M. avium is also corroborated by the biochemical studies of Tsukamura et al. (37) and Portaels (19) . Tsukamura and co-workers also included M. gastri as a member, biochemically, of the M. avium complex, which was substantiated here in our studies by their related lipid profiles. All members of this group demonstrated the presence of marked amounts of peaks E, G, and H. Adansonian techniques (35) have shown the relatedness of M. fortuitum to M. chelonei, including M. chelonei subsp. abscessus. They have been grouped together as a species complex (39) .
In accord with this, we could not easily differentiate M. fortuitum from M. chelonei, because only a small subset of our strains had a lipid profile distinctive for M. fortuitum.
This study demonstrates the practical application of gas-liquid chromatography for the identification of mycobacteria. The methodology has minimal complexity and gives a result in less than 1.5 h from the start of analysis. We have identified reference compounds that can be used as chromatographic markers for both interlaboratory and intralaboratory standardization. Chromatographic identification is accurate, and only 2 of the 288 strains tested in this study gave atypical chromatographic patterns that led to misidentification. Of these two organisms, one was biochemically atypical and one was a photochromogen in which the error was recognized by gross examination of the colony. The 
